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Abstract: The Mediterranean diet (MD) is a combination of foods mainly rich in antioxidants and anti-
inflammatory nutrients that have been shown to have many health-enhancing effects. Extra-virgin
olive oil (EVOO) is an important component of the MD. The importance of EVOO can be attributed
to phenolic compounds, represented by phenolic alcohols, hydroxytyrosol, and tyrosol, and to
secoiridoids, which include oleocanthal, oleacein, oleuropein, and ligstroside (along with the aglycone
and glycosidic derivatives of the latter two). Each secoiridoid has been studied and characterized,
and their effects on human health have been documented by several studies. Secoiridoids have
antioxidant, anti-inflammatory, and anti-proliferative properties and, therefore, exhibit anti-cancer
activity. This review summarizes the most recent findings regarding the pharmacological properties,
molecular targets, and action mechanisms of secoiridoids, focusing attention on their preventive and
anti-cancer activities. It provides a critical analysis of preclinical, in vitro and in vivo, studies of these
natural bioactive compounds used as agents against various human cancers. The prospects for their
possible use in human cancer prevention and treatment is also discussed.
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1. Introduction
Cancer incidence and mortality are rapidly growing worldwide, although cancer’s
prominence as a cause of premature death is related to national levels of social and economic
development. In Western developed countries, the increased number of new cancers is
related to exposure to unhealthy lifestyles and environmental risks [1]. Risky behaviors,
such as cigarette smoking, high fat diets, little physical exercise, and lack of daily fruit and
vegetable consumption are also recognized cancer risk factors [2].
Diet and eating habits are essential in cancer prevention for two main reasons: first,
abnormalities in food behavior and an unbalanced diet like the Western diet, are causes of
several diseases; second, many phytochemical compounds contained in food, often in fruits
and vegetables, protect against some diseases. Diet can play a dual role, like a two-faced
Janus, as it can be a cause of or a protective factor against cancer at the same time. The
Mediterranean diet (MD) is considered one of the healthiest worldwide dietary patterns
due to a combination of foods rich in antioxidants and anti-inflammatory nutrients, such
as fresh fruits and vegetables, and extra-virgin olive oil (EVOO), which play a protective
role in cancer onset and which therefore may remarkably reduce the risk of cancer [3–5].
As supported by numerous epidemiological studies, the population of Mediterranean
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countries which traditionally follow this pattern of eating have a lower risk of chronic
inflammation-associated diseases, including cancer [6].
EVOO is a main component of the MD. Several epidemiological as well as preclinical
studies support the health benefits and the importance of EVOO in cancer prevention,
mainly related to its antioxidant power [7,8]. More recently, it has been hypothesized that
the cancer preventive capacity of olive oil may be mediated, at least in part, by the presence
of minor components (about 2% of oil weight) which include more than 230 chemical
compounds [9,10]. In particular, the beneficial effects of EVOO have been attributed to phe-
nolic compounds, such as phenolic alcohols, hydroxytyrosol (3,4-dihydroxyphenylethanol;
3,4-DHPEA), and tyrosol (p-hydroxyphenylethanol; p-HPEA), along with their secoiridoid
derivatives 3,4-DHPEA-EA (oleuropein aglycone), p-HPEA-EA (ligstroside aglycone), 3,4-
DHPEA-EDA (oleacein, OA), p-HPEA-EDA (oleocanthal, OC), and oleuropein [10]. All
these components have been isolated, and their biological activities investigated, address-
ing the definition of pharmacological properties, molecular targets, and action mechanisms.
A considerable amount of evidence contributes to defining the wide spectrum of biological
effects of these compounds, which includes cardioprotective, antimicrobial, neuroprotec-
tive, and anti-cancer effects [11]. It has been reported that these compounds may improve
antioxidant and anti-inflammatory protection in the context of different disorders through
the modulation of various molecular pathways [12].
Inflammation is the immune system’s response to infection and injury, and it is the
first step in the development of many diseases, such as arthritis, cancer, and stroke, as
well as neurodegenerative and cardiovascular diseases. The anti-inflammatory activity of
the phenolic components of EVOO has been investigated in many inflammation-related
diseases [13]. For example, it has been reported that OC targeted different inflammation
mediators, such as COXs [14] and inducible nitric oxide synthase (iNOS) [15], whereas in an
Alzheimer’s disease model, OC protected neurons by inhibiting tau fibrillation [16]. In ad-
dition, OC also protected hippocampal neurons from Aβ-derived diffusible ligand (ADDL)
toxicity [17] and reduced the inflammation activation of astrocytes in the hippocampus [18].
Similar evidence has been published for other phenolic components [10,13,19].
Since chronic inflammation is considered a promoting factor in the early stages of
carcinogenesis, in recent years attention has been turned to the anti-cancer properties of
EVOO phenols.
This review aims to summarize the most recent findings regarding the preventive and
anti-cancer activity of secoiridoids, providing a critical analysis of preclinical, in vitro and
in vivo, studies in which these natural bioactive compounds are used as agents against
various human cancers.
2. Chemistry of Secoiridoids
Secoiridoids are a group of compounds found exclusively in all 500 species of Oleaceae
plants, including the European olive tree (Olea europaea L.), and they comprise the majority
of bioactive polyphenols in olive oil and drupes [10,20–24]. Most secoiridoid phenolic
derivatives in olive oil come from oleuropein and ligstroside, which are the major secoiri-
doids in the olive fruit (Figure 1).
During crushing and malaxation for the production of olive oil, oleuropein and ligstro-
side come into contact with β-glucosidase and are transformed into the corresponding
oleuropein and ligstroside aglycones (p-HPEA and 3,4-DHPEA, respectively). These two
forms are unstable in olive oil; indeed, in a non-aqueous medium, oleuropein and ligstro-
side aglycones do not exist and are mainly transformed into the more stable dialdehyde
form of decarboxymethyl elenolic acid esterified with tyrosol and hydroxytyrosol (also
named oleocanthal or p-HPEA-EDA, and oleacein or 3,4-DHPEA-EDA).
EVOO can also contain other derivatives, such as the stable enolic form of oleuropein
and ligstroside and aglycones, named oleomissional and oleokoronal, whose structures
have recently been completely elucidated by Diamantakos et al. using nuclear magnetic
resonance [25]. Oxidation products of oleocanthal (OC) and oleacein (OA) were found in
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fresh oils in very low concentrations. The concentration of oleaceinic acid and oleocan-
thalic acid increased with storage time, while the oleacein and oleocanthal concentration
decreased [26].




Figure 1. Chemical structures of phenolic alcohols and secoiridoids compounds in EVOO. 
During crushing and malaxation for the production of olive oil, oleuropein and lig-
stroside come into contact with β-glucosidase and are transformed into the corresponding 
oleuropein and ligstroside aglycones (p-HPEA and 3,4-DHPEA, respectively). These two 
forms are unstable in olive oil; indeed, in a non-aqueous medium, oleuropein and ligstro-
side aglycones do not exist and are mainly transformed into the more stable dialdehyde 
form of decarboxymethyl elenolic acid esterified with tyrosol and hydroxytyrosol (also 
named oleocanthal or p-HPEA-EDA, and oleacein or 3,4-DHPEA-EDA). 
EVOO can also contain other derivatives, such as the stable enolic form of oleuropein 
and ligstroside and aglycones, named oleomissional and oleokoronal, whose structures 
have recently been completely elucidated by Diamantakos et al. using nuclear magnetic 
resonance [25]. Oxidation products of oleocanthal (OC) and oleacein (OA) were found in 
fresh oils in very low concentrations. The concentration of oleaceinic acid and oleocan-
thalic acid increased with storage time, while the oleacein and oleocanthal concentration 
decreased [26]. 
3. Extraction of Phenolic Alcohols and Secoiridoids 
In the literature, there are numerous methods used for purifying olive oil phenolic 
constituents. Montedoro and collaborators were the first to study the secoiridoid class in 
1993; they are responsible for the structural characterization of ligstroside and oleuropein 
aglycones from virgin olive oils [27]. 
OC was later identified by Unilever Research and Development, Vlaardingen (Neth-
erlands) [28]. In particular, the published methods relating to the isolation of OC provide 
for its extraction from the enriched polyphenolic fraction. The subsequent extraction of 
the total polyphenolic fraction, using hexane or polar solvents such as methanol and aque-
ous ethanol and acetonitrile, allowed the isolation and characterization of OC [14,20–30]. 
Other isolation methods require the use of preparative HPLC and reversed-phase station-
ary phases or even sophisticated technologies, such as high-performance counter-current 
chromatography (HPCCC) [31]. A pioneering annular centrifugal extractor (ACE)-based 
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3. Extraction of P enolic Alcohols a d Secoirid ids
In the literature, there are numerous methods used for purifying olive oil phenolic
constituents. Montedoro and collaborators were the first to study the secoiridoid class in
1993; they are responsible for the structural characterization of ligstroside and oleuropein
aglycones from virgin olive oils [27].
OC was later identified by Unilever Research and Development, Vlaardingen (Nether-
lands) [28]. In particular, the published methods relating to the isolation of OC provide
for its extraction fr m the enriche polyph nolic fr ction. Th subsequent extracti n of
the total p lyphe olic fra tion, using hexane or p lar solvents such as methanol and aqu -
ous thanol and acet nitrile, allowed th isolation and characterization of OC [14,20–30].
Other isolation methods require the use of preparative HPLC and reversed-phase station-
a y phases or ven sophisticated technologies, such s high-performance cou ter-curre t
c rom tography (HPCCC) [31]. A pioneering annular ce trifugal extractor (ACE)-b sed
extraction has recently been developed for a pilot-scale laboratory, leading to the recovery
of the biophenol-enriched fraction from olive oil for the first time.
This highly productive method, with the advantage of industrial scale potential,
provides huge amounts of high value-added compounds, such as oleocanthal, in their pure
forms in a short period of time. This method allows the isolation of biophenols in quantity
to meet the needs of in vivo experiments [32].
Given the important biological activities of oleocanthal, some synthetic approaches
have been tried in order to obtain quantities of the compound useful for biological studies.
The first attempt at a complete synthesis of both OC enantiomers was published by Smith
II and collaborators in 2005 [33]. Other synthesis techniques have been described in the
literature, though they have numerous steps and very low yields [34–36].
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A second-generation synthetic sequence was used to obtain quantities on the order
of multigrams. In addition, a series of OC analogs useful for future experiments in the
biological field have been synthesized. The most interesting production path is that of
Valli et al. (2013) in which oleocanthal is prepared in just eight steps with an approximate
average yield of 9%. This approach is the shortest route published to date. Furthermore,
both biologically active enantiomers of OC can be separated by the efficient resolution of
the racemic mixture on an enantioselective HPLC column [37]. Finally, a recent strategy
involves the large-scale synthesis of OC and analogues starting from oleuropein obtained
from olive leaves [38].
Another possible way to obtain phenolic extracts for use as natural food antioxidants,
food supplements, pharmaceutical solutions, or ingredients in functional foods, involves
the use of olive oil mill waste (OOMW). Hydroxytyrosol, known for its interesting phar-
macological activities and its antioxidant activity, is one of the major phenolic compounds
present in OOMW. Unfortunately, its use has been limited, until recently, because it is not a
commercially available compound.
Numerous methods have been studied for the purification of hydroxytyrosol from
the by-products of olive processing; some patents have used counter-current liquid-liquid
extraction [39], adsorbent resins [40], supercritical fluid extraction with a column oper-
ating in counter-current mode [41] and, finally, adsorption in non-ionic resins [42]. The
method considered most efficient to date is certainly that of Fernández-Bolaños which, in a
simple, practical and economical way, allows the extraction of highly purified (up 90%)
hydroxytyrosol from the by-products of OOMW [43].
A number of methods have been proposed for the extraction of phenolic compounds
from olive leaves. The most commonly used techniques involve conventional solid-liquid
extraction and ultrasonic extraction [41]. Recently, a number of non-conventional tech-
nologies have been proposed for the extraction of oleuropein [44], including separation
by membrane, infrared-assisted methods, accelerated solvent extraction, extraction with
supercritical fluids [45], acid hydrolysis by sulfuric acid and microchannel devices [44–51].
4. Oleocanthal
In 1993, Montedoro et al. discovered and revealed the chemical structure of a phenolic
component of olive oils, later named oleocanthal (OC) [27], which is also called decar-
boxymethyl ligstroside aglycone [52], a dialdehydic form of deacetoxy-ligstroside agly-
cone [34], a dialdehydic form of deacetoxyligstroside glycoside [53], deacetoxy-dialdehydic
ligstroside aglycone [54], deacetoxy ligstroside aglycone [55], and p-hydroxyphenylethanol-
elenolic acid dialdehyde [56]. The International Union of Pure and Applied Chemistry
(IUPAC) name for OC is 2-(4-hydroxyphenyl)ethyl(3S,4E)-4-formyl-3-(2-oxoethyl)hex-4-
enoate, with the Chemistry Abstracts Service (CAS) number 289030-99-5 [57].
In 2005, Beauchamp et al. identified in OC the pungent component of EVOO that
induces a strong prickling sensation in the throat, similar to that caused by the non-steroidal
anti-inflammatory drug (NSAID) ibuprofen [14]. NSAIDs such as ibuprofen are COX
inhibitors because they suppress cyclooxygenase (COX) enzyme activity. COXs regulate
the biosynthesis of prostaglandins, important mediators of inflammation, from arachidonic
acid. During inflammatory response, prostaglandin synthesis and COX expression levels
are significantly increased.
In their study, Beauchamp et al. showed that OC acts like a non-selective COX
inhibitor, ibuprofen-like, and an anti-inflammatory agent [14]. The 50% inhibition (IC50)
concentrations for (−)-oleocanthal are 23 µM and 28 µM for COX-1 and COX-2, respectively;
IC50 values for (+) oleocanthal are 25 µM and 40 µM for COX-1 and COX-2, respectively;
IC50 values for ibuprofen are 5 µM and 223 µM for COX-1 and COX-2, respectively. This
feature of OC turned out to be very important as a property of EVOO that, combined with
the antioxidant feature of other phenolic components, made olive oil an essential element
of a healthy diet.
Int. J. Mol. Sci. 2021, 22, 1234 5 of 22
Together with its anti-inflammatory and antioxidant activity, the anti-cancer activity
of OC has been demonstrated on several cancer models, both in vitro and in vivo. Recently,
we have shown that OC exerts a potent anti-cancer activity against hepatocellular carci-
noma (HCC) and colorectal carcinoma (CRC) cells [58]. In HT29 and SW480 colon cancer
cells, 25–50 µM of OC inhibited colony formation and induced apoptosis by increasing
ROS (reactive oxygen species) production that causes DNA damage and consequently cell
death [58]. In HCC cells, OC treatment elicited the expression of the γH2AX marker for
DNA damage, increased intracellular ROS production, and caused mitochondrial depo-
larization in a dose dependent manner, leading to cell death [58]. These results highlight
different effects of phenol used at different doses as an anti- or pro-oxidant.
In the HT29 colon cancer cell model, OC activated adenosine monophosphate-activated
protein kinase (AMPK) [59]. AMPK acts as a sensor of cellular energy status involved in
cancer cell apoptosis [60]. In HT29 cells, OC suppressed the expression of COX-2 protein
and activated AMPK, resulting in the inhibition of cell viability and proliferation, and
inducting apoptosis. The knockdown of AMPK in HT29 cells attenuated the apoptosis in-
duced by OC, suggesting that AMPK is a molecular target of OC. The same authors showed
that OC exhibited a strong inhibitory effect on TPA-induced neoplastic cell transformation
in JB6 Cl41 mouse epidermal cells by downregulating AP-1 activity through the inhibition
of ERK1/2 phosphorylation [59]. An in vivo chicken chorioallantoic membrane (CAM)
assay with HT29 cells confirmed a reduction of the tumoral areas after OC treatment [59].
Moreover, (−)-oleocanthal inhibited the growth of human breast (MCF-7, MDA-MB-
231) and prostate (PC-3) cancer cell lines by inhibiting the phosphorylation of c-Met ki-
nase [61]. c-Met is a tyrosine kinase receptor (RTK) that binds the ligand hepatocyte growth
factor (HGF). The binding of HGF to c-Met causes receptor autophosphorylation that in-
duces downstream signaling through several pathways (i.e., Rac1/Cdc42, PI3-kinase/AKT
and ERK/mitogen-activated protein pathways) involved in cellular proliferation, motility,
migration, and invasion [61,62]. The inhibitory effect of OC on the HGF-induced c-Met
phosphorylation/activation caused a decrease in AKT and MAPK phosphorylation that
resulted in an inhibition of HGF-induced cell proliferation, invasion, and G1/S cell cy-
cle progression [63]. The dysregulation of the HGF/cMet pathway affects migration and
invasion via the Brk/paxillin/Rac1 signaling pathway that is inhibited after treatment
with OC. Moreover, this inhibitory effect is correlated with an inhibition of epithelial to
mesenchymal transition (EMT), as highlighted by increased expression levels of epithelial
markers, such as E-cadherin and Zo-1, and the decreased expression of the mesenchymal
marker vimentin [63]. EMT is a developmental process that regulates the transition of
cells from epithelial (E) to mesenchymal (M) phenotypes and that, in cancer progression,
is related to invasion and metastasis [64]. Furthermore, correlated to its inhibitory effect
on c-Met, OC showed anti-angiogenic activity via the downregulation of expression lev-
els of the microvessel density marker CD31 in endothelial colony-forming cells [60]. OC
treatment not only affected cells grown in monolayers, but it has been demonstrated that
at a dose of 20 µM it inhibited the growth of HGF-induced 3D spheroids of human breast
MDA-MB-231 cancer cells and human prostate DU145 cancer cells [65].
OC has also been used in combination with different drugs to improve the efficacy of
cancer treatment. Ayoub et al. observed a synergistic growth inhibition of BT-474, MCF-7,
and T-47D breast cancer cells treated with OC plus tamoxifen, as demonstrated by combi-
nation index values of 0.65, 0.61, and 0.53 for each cell line, respectively. Mechanistically,
treatment with OC induced a decrease of estrogen receptor alpha (ERα) levels. To explain
this result, the authors performed in silico docking studies that highlighted overlapping
estrogen receptor binding modes of OC and 17β-estradiol, whereas the binding modes
were different between OC and tamoxifen. Indeed, a combination with 17β-estradiol did
not affect the activity of OC on cancer cells [66]. This study validated the in vitro and
in vivo efficacy of OC in modulating ER expression and function in breast cancer cells, and
its synergy with the selective ER modulator tamoxifen [66].
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OC, as a c-Met inhibitor, has been combined with lapatinib (LP), a dual epidermal
growth factor receptor (EGFR)/HER2 inhibitor approved by the US Food and Drug Admin-
istration (FDA). Treatments with OC/LP resulted in synergistic anti-proliferative effects
in HER2-positive BT-474 and SK-BR-3 breast cancer cell lines [67]. In particular, in BT-474
cells, the effect was cytostatic, as demonstrated by an increase of cells in the G1 phase in
cell cycle analysis, and in SK-BR-3 cells the effect was cytotoxic, with apoptosis induction.
In addition, combined OC/LP treatment significantly suppressed the activation of c-Met,
HER2, and EGFR in both cell lines and suppressed the activation of AKT in BT-474 cells.
These data were also confirmed in vivo in an orthotopic xenograft tumor model of BT-474
cells in nude mice. After treatment with OC plus LP, a greater tumor growth inhibition
was observed, compared to controls, vehicle and single drugs. Furthermore, data showed
the inhibition of multiple downstream survival and mitogenic signaling pathways in
HER2-positive cells, including the PI3K, MAPK, and STAT pathways [67]. The same nude
mouse xenograft model generated by orthotopic inoculation with BT-474 cells has been
used by Siddique et al. to investigate the effect of OC in breast cancer recurrence. Actually,
despite progress in therapies for treatment of breast cancer and improvements in survival
rates, poor results in recurrence prevention occurred [68,69]. The study of Siddique et al.
showed that OC significantly suppressed the development of new tumors and inhibited
local recurrence in 50% of treated animals. At the molecular level, OC treatment stabilized
E-cadherin and reduced vimentin, decreased phosphorylation levels of both HER2 and
MET in recurrent tumors, resulting in the inhibition of EMT and cell invasiveness [70].
c-Met and COX-2 are the targets of OC involved in the suppression of lung cancer
progression and metastasis, as tested in vitro and in vivo using A549 cells in a nude mouse
tail vein injection model [71].
Another action mechanism of OC in inhibiting cell proliferation and migration is
by modulating Ca2+ ion levels. In MCF-7 and MDA-MB-231 breast cancer cells, OC
impaired cell migration and inhibited cell proliferation, while it had no effect on MCF10A
non-tumoral cells. OC stimulates Ca2+ influx via the downregulation of the transient
receptor potential cation channel, subfamily C, member 6 (TRPC6), as confirmed by TRPC6
expression silencing [72].
PI3K/AKT/mTOR is a relevant pathway involved in cell proliferation frequently
altered in cancer. Moreover, AKT mediates numerous cellular functions including an-
giogenesis, metabolism, growth, proliferation, survival, protein synthesis, transcription,
and apoptosis [73]. Khanfar et al. have demonstrated, by in vitro molecular docking ex-
periments, that OC bound and inhibited mTOR kinase with an IC50 value of 708 nM.
After treatment with OC, phosphorylated levels of mTOR decreased, resulting in an anti-
proliferative effect on MCF-7, T47D and MDA-MB-231 breast cancer cells, as well as Caco
colon cancer cells. The breast cancer cells were more sensitive, with lower IC50 values [74].
In PC3 prostate cancer cells, MDA-MB-231 breast cancer cells, and BxPC3 pancreatic
cancer cells, OC induced cell death via lysosomal membrane permeabilization (LMP),
whereas it induced only reversible cell cycle arrest in non-cancerous cells [75]. LMP is
induced by different stimuli and is the cause of the release of lysosomal enzymes into the
cytoplasm which, in turn, lead to cell death [76]. Low levels of LMP damage cells and
trigger apoptosis, whereas high levels of LMP kills cells rapidly and directly by necrosis.
After treating MCF-7 human breast cancer cells and PC3 prostate cancer cells with OC, the
authors observed the translocation of galectin-3 and cathepsins into the cytosol, markers of
damaged lysosomal membranes, also evidenced by the LysoTracker test [72]. Data were
confirmed in vivo in a genetically engineered PNET, RIP-Tag mouse model of pancreatic
cancer; OC increased survival and reduced tumor size via LMP [74]. Finally, treatment of
PC3 and MDA-MB-231 cancer cells with an EVOO-OC-enriched medium confirmed that
the antitumoral activity of EVOO was directly and linearly correlated to the oleocanthal
content [77].
In the human multiple myeloma (MM) ARH-77 cell model line, OC inhibited cell
proliferation, induced cell cycle arrest in G0/G1, and apoptosis by downregulating the
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ERK1/2 and AKT pathways and activating p38 kinase. Furthermore, OC reduced the
expression and secretion of MIP-1α protein, leading to RANKL downregulation which is
involved in the development of osteolytic bone lesions in MM [78].
OC exerts its antitumoral activity also against melanoma [79]. One of the most
important signaling pathways involved in the progression of melanoma is the signal trans-
ducer and activator of the transcription 3 (STAT3) pathway [80]. In melanoma cells, OC
suppressed proliferation, migration, invasion and induced apoptosis by downregulating
Mcl-1, Bcl-xL, MMP-9, MMP-2 genes expression as well as the phosphorylation and ac-
tivation of STAT3; it also suppressed the expression of JAK2 and Src kinases, inhibiting
cell invasion and angiogenesis [79]. Similarly to MM, the inhibition of ERK1/2 and AKT
phosphorylation and downregulation of Bcl-2 expression were the main mechanisms by
which OC inhibited cell proliferation in melanoma cells when compared to normal dermal
fibroblasts [79,81].
In histiocytic lymphoma U937 cells, OC acts as an Hsp90 inhibitor as shown by the
significant reduction of the expression levels of some Hsp90 client proteins (AKT and
Cdk4) [79]. A direct non-covalent interaction between the Hsp90-ATP binding site and
OC has been observed, resulting in the inhibition of ATPase activity of the chaperone.
Moreover, OC induced cell cycle arrest in the G2/M phase and apoptosis in U937 cells,
though it only had a slight effect on the viability of peripheral blood mononuclear cells
(PBMC) [82].
In HCC cells, a study performed on HepG2, Huh7, and Hep3B HCC cells using a
polyphenolic extract containing OC and ligstroside aglycone was shown to inhibit cell
viability and increase cell death [83]. Treatment with phenolic combination resulted in
an increased level of the phosphorylated form of AKT and ERK, associated with a slight
increase in the LC3II/LC3I ratio and p62, suggesting the activation of autophagy. The
addition of TNFα, a pro-inflammatory cytokine, potentiates the anti-proliferative effect
of EVOO extract [83]. Furthermore, OC suppressed HCC cell migration, invasion, and
metastasis both in vitro and in vivo in an orthotopic HCC model. OC acted by inhibiting
IL-6-induced STAT3 activation, and Twist was consequently inhibited as well as EMT.
Furthermore, OC modulated STAT3 levels acting on STAT3 positive regulators p-JAK1
and p-JAK2 and suppressing levels of SHP-1, a negative regulator of STAT3 [84]. Recently
published evidence showed that OC inhibited neurite growth and prevented the growth
and proliferation of the NB2a mouse neuroblastoma cell line by increasing oxidative stress
and apoptosis [85].
All together, these studies (Table 1) highlight OC’s strong anti-cancer activity that re-
sults in the inhibition of proliferation, cell cycle arrest, and apoptosis induction. Alongside
its better documented anti-inflammatory and antioxidant activity, its pro-oxidative action
has also been reported, as shown by the dose-dependent ROS production and consequent
cell damage and death. Furthermore, the inhibitory action of EMT observed in different
models is also noteworthy.
5. Oleacein
Oleacein (OA) is derived from oleuropein by spontaneous chemical processes and
is further converted into eleonolic acid and hydroxytyrosol [86]. More effective than
oleuropein, OA inhibited cell proliferation, colony formation, and migration in A43 human
epidermoid cancer cells used as a cutaneous non-melanoma skin cancer model. The
molecular events that lead to growth inhibition are related to the shut-down of proliferative
signals, such as decreased levels of B-Raf, p-AKT and p-ERK proteins after treatment with
OA [87]. OA also inhibited cell growth in cells cultured as 3-D spheroids [88].
In SH-SY5Y human neuroblastoma cells, OA had anti-proliferative and anti-metastatic
effects by blocking the cell cycle in the S phase, upregulating pro-apoptotic proteins Bax and
p53, as well as decreasing the expression of the pro-survival protein Bcl-2 and STAT3 [89].
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Despite the small number of studies conducted on a few cancer models, the data
obtained so far show that OA has an anti-proliferative action related to the inhibition of
proliferative signals and the upregulation of pro-apoptotic proteins (Table 1).
Table 1. Anti-cancer effects of Oleocanthal and Oleacein: in vitro and in vivo studies.
Oleocanthal



























































Int. J. Mol. Sci. 2021, 22, 1234 9 of 22
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6. Tyrosol and Hydroxytyrosol
Tyrosol (Tyr; p-hydroxyphenylethanol) and hydroxytyrosol (HTyr; 3,4-dihydroxyphen
ylethanol) are two simple phenolic components of olive oil with well-established antioxi-
dant and anti-inflammatory qualities. In general, these characteristics are attributable to
their ability to chelate oxidizing agents, therefore acting as radical chelators [13].
Since chronic inflammation and alterations of normal cellular redox status are two
of the main features that characterize and promote neoplastic transformation, Tyr and
especially HTyr, as well as other olive oil polyphenolic compounds, have been widely used
to evaluate their potential anti-cancer effects in the context of different human malignancies,
including CRC, prostate and breast cancers, and HCC [90].
It has been reported that one of the main mechanisms by which HTyr may exert its
antitumor effects is its autoxidation, with a consequent production and accumulation of
H2O2 in the culture medium. Fabiani et al. demonstrated, in fact, that the anti-proliferative
effects of HTyr are inversely correlated to the ability of different tumor cells to remove
H2O2 from culture medium [91]. Therefore, tumor cell sensitivity to HTyr treatment may
be modulated by adding compounds such as catalase or pyruvate, that do not favor H2O2
accumulation, to the culture medium [91].
However, it has been reported that HTyr may act as an anti-cancer agent by inducing
the suppression of cell survival and/or activating pro-apoptotic pathways. Corona et al.
demonstrated that HTyr treatment induced cell cycle arrest in colon cancer cells, with
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a significant reduction of the phosphorylation state of ERK1/2 as well as downstream
cyclin D1 [92]. In addition, it has been reported that HTyr is able to induce apoptosis
in DLD1 colon cancer cells though ROS production. ROS induced the activation of the
PI3K/AKT/FOXO3 pathway with a consequent modulation of FOXO3 targets, such as
SOD and catalase, which contributed to decreasing cellular antioxidant defences [93].
The reduced expression of EGFR is associated with a decrease of cell proliferation
in colon cancer cells. The induction of ubiquitination and consequent lysosomal degra-
dation of EGFR, both in vitro and in vivo, is another molecular mechanism that has been
proposed to explain the anti-proliferative effect of HTyr treatment in colon cancer [94].
It has been shown, in fact, that HTyr treatment induced the phosphorylation of CBL, an
E3 ubiquitin-protein ligase, which enhanced its ubiquitin-ligase activity leading to the
ubiquitination and lysosomal degradation of EGFR. Pre-treatment with a proteosomal
inhibitor, MG132, reversed all these effects. Therefore, interestingly, the authors reported
that the co-treatment of tumor cells with both HTyr and Tyr produced synergistic effects
reducing cell proliferation and EGFR expression [94].
In addition, investigations of HTyr’s effects in colon cancer proliferation both in vitro
and in vivo suggested the ability of olive oil phenolic extracts to regulate epigenetic mech-
anisms. CpG methylation on the promoter of the Type I Cannabinoid Receptor (CB1),
which may act as a tumor suppressor, has been often reported in the context of different
malignancies, including colon cancer [95]. The administration of olive oil phenolic extracts,
including oleuropein and HTyr, rescued the expression of the CB1 gene, reducing the
methylation status of its promoter and simultaneously reducing tumor cell proliferation
in vitro [96].
More recently, Hormozi et al. demonstrated that HTyr treatment of human CRC LS180
cells induced the expression of pro-apoptotic genes, such as CASP3 and Bax, and increased
antioxidant enzyme activity, leading to a reduction of tumor cell proliferation [97].
Recently, the ability of HTyr to modulate tumor cell antioxidant activities was also
investigated in breast cancer cells, under hypoxic and normoxic conditions [98]. It has been
shown that HTyr is able to affect cancer cell proliferation, mainly in hypotoxic conditions,
modulating the transcription and translation of different proteins involved in peroxisome
proliferator-activated receptor gamma coactivator 1-alpha/Nuclear factor erythroid 2-
related factor 2 (PGC-1α/Nrf2) and peroxisome proliferator-activated receptor gamma
coactivator 1-alpha/Estrogen-related receptor α (PGC-1α/ERRα) pathways, responsible
for cellular antioxidant response [98]. Although it reduces ROS levels, the same authors
showed that HTyr does not affect NO levels. The authors investigated the molecular mech-
anisms of HTyr in MCF7 cells under hypoxic conditions in more detail. HTyr in a dose
dependent manner reduced the levels of the HIF-1α protein but not of the correspond-
ing mRNA. Furthermore, at higher concentrations HTyr determines an up regulation of
adrenomedullin (AM) and vascular endothelial growth factor (VEGF), and the authors
concluded that HTyr acts via HIF-dependent and -independent regulatory mechanisms. In
fact, at high doses HTyr acts as an aryl hydrocarbon receptor (AHR) ligand, inducing AM
and VEGF genes expression. The authors suggested that at high doses HTyr may acts as an
AHR agonist favoring the induction of angiogenic genes under hypoxic conditions [99].
These results highlighted how the action of the phenolic compounds can have opposite
and controversial effects in different conditions and especially at different concentrations.
Recent advances in the study of the impact of HTyr in regulating breast cancer cell
oxidative status showed that combinations of HTyr with common chemotherapeutic agents,
such as paclitaxel, had synergistic effects in reducing tumor growth both in vitro and
in vivo [100]. It is well-established that treatment with common taxanes, such as paclitaxel,
may induce ROS production which has been identified as the major cause of cardiotoxic side
effects of these drugs [101,102]. The addition of HTyr as a co-adjuvant in the treatment of
breast cancer with paclitaxel ameliorated the high oxidative damage induced by chemother-
apy and had significant synergistic effects in reducing tumor cell proliferation [100].
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In addition, the effects of HTyr in regulating autophagy was recently documented
in triple negative MDA-MB-231 and in ER positive MCF-7 breast cancer cells [102,103].
Autophagy is a well-conserved molecular mechanism whose role remains unclear and is
often controversial in different human malignancies. In breast cancer, the inhibition of
autophagy mediated by treatment with a common autophagy inhibitor, 3-methyladenine,
increased tumor cell migration and invasion. On the contrary, treatment of cells with
HTyr or oleuropein reversed 3-MA-dependent suppression of autophagic flux, increasing
LC3II/LC3I and reducing p62 expression, leading to a reduction of tumor cell migration
and invasion [103,104].
Recent evidence has shown that the inhibitory effect of HTyr in regulating breast
cancer cell migration and invasion is dependent on its ability to target EMT, Wnt/β-catenin,
and transforming growth factor-β (TGF-β) pathways [105]. HTyr treatment in different
breast cancer cell lines decreased, in fact, β-catenin and cyclin D1 protein expression
and reduced the expression of EMT markers such as Snail and vimentin. These effects
were accompanied by the reduced phosphorylation of SMAD2/3 that was correlated to
lower TGF-β activity [105]. Similar results were obtained in prostate cancer in which HTyr
induced tumor cell growth arrest and apoptosis, regulating multiple molecular signaling
pathways. Zubair et al. reported that HTyr treatment of prostate cancer cells affected cell
proliferation, inhibiting the AKT, STAT3 and NF-κB pathways, and induced cell apoptosis,
enhancing the expression of pro-apoptotic markers such as Bax and Bcl-2 [106]. Accordingly,
Zhao et al. have previously demonstrated similar effects of HTyr treatment on the AKT
and NF-κB pathways in HCC, both in vivo and in vitro, leading to a reduction of tumor
cell prolife ration and angiogenesis [107].
Furthermore, it has been shown that HTyr exerted its anti-proliferative and pro-
apoptotic effects in human HCC cells by inhibiting the expression of fatty acid synthase
(FAS) and farnesyl diphosphate synthase (FPPS), whose higher expression was associated
with higher aggressiveness of this cancer [108].
Unlike HTyr, Tyr is rarely employed as an anti-cancer agent and is found in more com-
mon therapeutic applications in non-malignant disorders, including diabetes, non-alcoholic
fatty liver disease (NAFLD), and cardiovascular disorders [13]. Only in glioblastoma cells
did Tyr show more efficient anti-cancer activities than HTyr and oleuropein by inhibiting
TNF-α-induced COX2 expression and phosphorylation of JNK, ERK and NF-κB, leading to
a significant reduction of tumor cell migration [109].
All together, these studies suggest that HTyr and, despite less evidence, Tyr may act as
anti-cancer agents through the inhibition of cell proliferation and the induction of apoptosis
(Table 2).
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Table 2. Anti-cancer effects of Hydroxytyrosol and Tyrosol: in vitro and in vivo studies.
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Oleuropein and ligstroside, along with OC and OA, are the most abundant phenolic
compounds found in EVOO. Oleuropein is an ester of HTyr.
Both oleuropein isoforms, its glycosidic and aglycone forms, have shown antioxidant,
anti-inflammatory, and anti-cancer effects. Several studies have demonstrated that oleu-
ropein inhibited cell growth and induced apoptosis in different cancer cell lines and had
anti-cancer effects in animal studies [110,111].
Experimental evidence has proven that exposure to an olive leaf extract enriched in oleu-
ropein reduced proliferation and motility in different cancer cells, such as melanoma [112],
colon carcinoma [113], breast cancer [114] and chronic myeloid leukemia [115]. These
effects are due to metabolic inhibitory activity exerted by oleuropein that neutralizes the
aerobic glycolysis exploited by tumor cells, revealing that it may be effectively used as a
complementary anti-cancer therapy [112].
In human colon cancer HT29 and SW620 cell lines, oleuropein glycoside treatment re-
sulted in a significant inhibition of cell proliferation, cell cycle arrest, and apoptosis [113]. In
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another study, exposure of HT29 cells to oleuropein induced apoptosis in a p53-dependent
manner and provoked a decrease in levels of hypoxia inducible factor-1 α (HIF-1α) protein
expression [116]. Moreover, in in vivo studies of mice consuming a basal diet with oleu-
ropein, it prevented azoxymethane (AOM)-induced colon cancer and, in addition, reduced
DNA damage in peripheral leukocytes [117]. Similarly, the administration of oleuropein
in mice co-exposed to dextran sulfate sodium (DSS) and AOM induced a decrease in
inflammation markers, and a reduction in colon tumor development [118].
In vitro experiments also supported an anti-cancer effect of oleuropein in HCC [119].
HepG2 and Huh7 HCC cell lines treated with oleuropein showed an inhibition of cell
proliferation and induction of apoptosis in a ROS-dependent manner. Moreover, oleuropein
with cisplatin combination therapies showed antitumor activity in HCC cell lines by
targeting the pro-nerve growth factor (pro-NGF)/NGF signaling pathway [120].
In SH-SY5Y neuroblastoma cells, oleuropein treatment has been shown to increase
the expression levels of proteins related to cell proliferation, such the p53 gene and CDK
inhibitors (CDKN1A, CDKN2A and CDKN2B) [121]. In thyroid cancer cell lines, oleuropein
treatment reduced the levels of AKT and ERK phosphorylation, two pro-survival signaling
pathways [122].
Recent studies have shown the potential application value of oleuropein in the treat-
ment of lung cancer. Wang et al. showed that in H1299 lung cancer cells, oleuropein
induced apoptosis via mitochondrial apoptotic cascade activated by p38 MAPK signal-
ing [123]. More recently, it has been reported that oleuropein has the potential to inhibit cell
motility in prostate cancer through the blocking of voltage-gated sodium channels (VGSC)
due to the downregulation of mRNA expression in SCN9A, pore-forming α-subunits of
the VGSC complex [124]. Furthermore, oleuropein’s inhibitory effect on cell motility was
demonstrated in in vivo studies in mice (HR-1 mice) with UVB-induced skin damage and
carcinogenesis. Orally administered oleuropein prevented a UVB-induced increase in skin
thickness, and this effect was associated with the inhibition of MMP-13, MMP-2, MMP-9,
and VEGF expression [125].
In addition, in triple-negative breast cancer cells [102] and osteosarcoma cells [126],
treatment with oleuropein inhibited cell migration and invasion by activating autophagy.
The anti-cancer effects of oleuropein have been also examined in pancreatic cancer cells.
Gene expression analysis revealed that c-Jun and c-Fos were involved in oleuropein-
induced apoptosis [127]. In esophageal cancer cells, oleuropein inhibited cell growth,
in vitro and in vivo, in a xenograft tumor model through the inhibition of HIF-1α and the
upregulation of BTG anti-proliferation factor 3 (BTG3) expression [128].
A low incidence of breast cancer in Mediterranean countries suggests that a high
consumption of EVOO might confer this benefit. Mendez et al. have shown that oleuropein
aglycone is the most potent EVOO phenolic compound involved in decreasing the viabil-
ity of breast cancer cells [129]. The study was conducted on the human HER2-negative
MCF-7 and HER2-positive SKBR3 BC cell lines. This last cell line, and MCF-7 cells trans-
fected with HER2, were five times more sensitive to the effects of oleuropein aglycone
than HER2-negative MCF-7 breast cancer cells, indicating a potential anti-tumor effect of
oleuropein aglycone in HER2+ breast cancer. Interestingly, in a preclinical model, SKRB3
cells resistant to trastuzumab (SKBR3/Tzb100 cells) recovered their trastuzumab sensitivity
when cultured in the presence of oleuropein aglycone. [130]. The overexpression of HER2
in breast cancer cells treated with trastuzumab was markedly suppressed by oleuropein
aglycone exposure [130]. The same authors, in a subsequent paper, demonstrated that
treatment with secoiridoid derivatives, such as ligstroside aglycone, deacetoxyoleuropein
aglycone, and oleuropein glycoside in overexpressing HER2 breast cancer cells, was more
significantly effective in its anti-cancer effect by suppressing fatty acid synthase (FASN),
when compared to trastuzumab treatment [130]. The efficacy of treatment with oleuropein
in combination with doxorubicin in a breast cancer tumor xenograft model has been also
investigated [131]. Oleuropein/doxorubicin co-treatment in nude mice bearing MDA-MB-
231-derived xenograft tumors induced a decrease in tumor volume and provoked apoptosis
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via the mitochondrial pathway [131]. Moreover, subsequent experimental studies have
shown that oleuropein induced apoptosis in breast cancer cells by modulating NF-κB acti-
vation cascade [132], reducing PTP1B phosphatase activity [133], and modulating miR-21
and miR-155 expression [134].
In vitro and in vivo studies have shown that treatment of human neuroblastoma cells
with oleuropein aglycone caused cell cycle arrest and autophagy through mTOR inhibition
and AMPK activation [135]. The link between AMPK activation and mTOR inhibition
was shown in an oleuropein-fed animal model, which showed decreased phospho-mTOR
and increased phospho-AMPK levels, supporting the idea that autophagy activation by
oleuropein aglycone proceeds through mTOR inhibition [135] (Table 3).
8. Ligstroside Aglycone
Ligstroside aglycone is the third of the four abundant and important phenols present in
EVOO. To date, there have been few studies testing the biological activity of this compound.
Ligstroside aglycone has been primarily used in several studies in which its possible anti-
cancer effects have been investigated.
Although ligstroside aglycone has been shown to have moderate in vitro cytotoxicity
against a panel of 39 human cancer cell lines [136], Mendez et al. reported that ligstroside
aglycone induced apoptosis in breast cancer cells overexpressing HER2 [129]. In addition,
Busnena et al. demonstrated that in the MDA-MB231 human breast cancer cell line, ligstro-
side aglycone treatment showed antimigratory activity through the inhibition of c-MET
signaling, without any cytotoxicity to normal cells [137].
Finally, more recently, De Stefanis et al. have shown that exposure of HCC cells to a
phenolic extract, essentially composed of a mixture of OC and ligstroside aglycone, induced
cell death and autophagy and moreover, these antitumor effects could be enhanced by the
addition of TNF-α [83] (Table 3).
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Alongside its well-documented anti-inflammatory action linked to the inhibition of
COX enzymes [14,108], preclinical studies have also defined the ability of secoiridoids to
modulate the oxidative state of cells, carried out both as antioxidants and pro-oxidants in a
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dose-dependent manner [58,91,98,120]. The results obtained so far, in in vitro and in vivo
cancer models, clearly show that secoiridoids can also exert anti-cancer activity due to their
ability to induce ROS production.
Indeed, all compounds showed the ability to inhibit cell proliferation and induce
apoptosis, although with different targets, depending on the tumor model. Secoiridoids
inhibit essential pathways for proliferation, such as AKT and ERK [78–81,92,106,107,122],
induce apoptosis by interfering with the expression of pro-apoptotic proteins, such as
Bax [97], or anti-apoptotic Mcl1 and Bcl-xl proteins [79], modulate the autophagy path-
way [83,103,104,126], and regulate metalloproteinases [79]. The action that they perform on
the basic mechanisms of EMT, which results in tumor invasiveness and metastasis, is also
relevant. In fact, while Tyr acts on the β-catenin and TGF-β pathways in breast cancer [104],
in the same cancer model OC modulates the HER2/MET pathway and reduces vimentin
by significantly inhibiting the recurrence rate [70], which is what makes these compounds
exploitable in post-surgery therapy.
Of particular note are the studies conducted in combination with other chemother-
apeutic drugs (i.e., OC plus lapatinib; OC plus Tamoxifen; Oleuropein plus cisplatin or
trastuzumab; Tyr plus paclitaxel) that highlighted that the addition of secoiridoids resulted
in synergistic effects in reducing tumor cell proliferation [66,67,100,120,130]. Furthermore,
secoiridoids have not been found to be cytotoxic for healthy cells [58,81,106].
Many recent clinical trials, completed or in progress, have been developed for evaluat-
ing the effects of EVOO and the MD as a support for therapeutic protocols in different types
of neoplasms. Studies are being conducted to evaluate improvements in metabolic function,
body weight, and survival in prostate cancer patients (NCT03084913; NCT01083771), to
study the prevention of breast cancer (NCT04174391; NCT02068092) and to test its abil-
ity to modulate side effects and alleviate cancer-related fatigue in patients undergoing
chemotherapy (NCT03399331; NCT04534738).
A clinical study is currently underway to evaluate the effects of the dietary intake of
olive oil rich in OC on disease progression in patients with chronic lymphocytic leukemia
(CCL). One of purposes of this clinical trial is also to study the anti-cancer mechanism of
the EVOO phenol OC in neoplasia (NCT04215367), which confirms the importance of the
preclinical studies summarized and analyzed in this review.
The large number of significant results emerging from all the reported data make
secoiridoids effective anti-cancer agents, both alone and in combination with other drugs,
suitable for more significant use in future therapies.
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